Abstract: This paper reports on a simple method to identify problem areas with relation to harmonic distortion within radial distribution systems at the planning stage. The purpose of the work is to produce a simple method of establishing harmonic distortion levels throughout a study distribution system when only limited system data and load information is available. The preliminary work presented in this paper is aimed at establishing useful planning guidelines for utilities to help with the analysis of harmonics in Medium Voltage (MV) distribution systems during the design phase. Harmonic analysis during the design of a distribution system is seen as an important step in controlling harmonic distortion levels.
INTRODUCTION
With many customer loads being sensitive to excessive harmonic voltage distortion, electricity distribution utilities should now be looking towards preventative measures to ensure that voltage distortion levels are within limits set by the appropriate standards [I] . Measures will need to be taken at the planning stage to ensure that the distribution systems will be able to meet harmonic standards as load distortion rises. The work to be described here arises out of a project to develop distribution system planning guidelines to enable the design engineer to maximise the harmonic capabilities of a distribution system. This can be achieved by optimising parameters such as impedance values of lines and transformers, feeder lengths, allocation of load types to particular connection points, location and size of power factor correction capacitors, and connection of detuning reactors.
The problem of estimating harmonics at the design stage of a distribution system is very different to the normal investigation of a particular harmonic load. The study must encompass many loads generating harmonics and whose harmonic spectrum and daily variation are poorly specified. The aim is not to accurately model every individual load but to determine methods for representing the statistics of large aggregations of load. This paper will report on a method that can be used to establish typical harmonic distortion levels within a distribution system and therefore predict the effect of a change in networks or load conditions. The method applies to medium voltage (MV) radial distribution systems and incorporates background distortion from the upstream supply.
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Harmonic distortion surveys that have been completed over the past decade have shown the 5* harmonic is the most significant harmonic and usually accounts for over 80% of the total harmonic distortion (THD) within MV systems [2] [3] [4] . This is due to the rapid fall off of harmonics with frequency produced by present power electronic technology (even more rapid than the fall off of voltage limits) and the removal of most 31d harmonics by deldstar transformers stepfing down to the LV system. Present trends suggest that the 5 harmonic will continue to dominate for many years. A key assumption in this paper is that if the 5* harmonic voltage is within acceptable limits, there will be no harmonic problems. This assumption will need to be revisited where there are power factor correction capacitors giving amplification of other frequencies.
It will be further assumed that the loads on a feeder can be classified as residential (R), industrial (I) and commercial (C) types, each having an average harmonic characteristic that can be obtained by a one-off simple measurement. The method to be described is easy to set up in a spreadsheet and allows easy calculation of sensitivities to various planning parameters so that the important ones can be identified.
The project also involved a harmonic survey of seven sites on an MV distribution system. A small part of the measurements have been used to give the parameters of the three load types. The rest of the survey results have been used to validate the proposed method.
11.

IEC 61000.3.6 HARMONIC STANDARD
The method for establishing harmonic levels within a distribution system uses some of the concepts that are given in IEC 61000.3.6, a harmonic limit standard for MV and LV systems which is soon to be adopted by Australia and New Zealand. Two concepts used in this paper are the evaluation of emission levels by statistical means and the second summation law.
Emission Levels -The standard suggests that the emission levels of harmonic voltage distortion should be evaluated using a statistical approach to take time variations into account [I] . Broadly, it is proposed that a harmonic survey should be taken over a period of at least a week and that the signal analysis should be along the strict guidelines of [IEC 61000.4.7J with the measurement classified and the 951h percentile of the cumulative probability distribution (CP95) Consider the data sets in Table 1 , where the first set has 90 values of "l", followed by 5 of "2" and then 5 of "3" giving a 95% cumulative value of 2. The second set shown will have a 95% cumulative value of 3. The sum of these two sets will have 100 values all of "4" giving a CP95 value of 4, yet the sum of the individual CF95 values is 5.
A summation power law is assumed to have the form
CALCULATION METHOD
In order to establish typical levels of harmonic voltages a model of the distribution system must first be produced. The parameters required to model an MV distribution system are listed below.
Total rated capacity and total maximum demand of HV/MV zone substation transformer. Fault level of HV transmission feeder to establish harmonic impedance of HV transmission system. Number of feeders and approximate number of distribution transformers per feeder.
Approximate lengths and impedances of lines (either underground or overhead). 0 Approximate proportion of residential, commercial and industrial loading for each feeder.
During the design process only a qualitative estimate of voltage harmonic distortion levels is required. To establish these typical levels of harmonic voltage distortion some approximations must be made to aid the calculation. The assumptions required to simplify a system such as the distribution system shown in Fig. 1 
3.
&-
The system is balanced with no zero sequence.
0
The 5* harmonic is the most significant harmonic. This is true for most balanced MV distribution systems [2] [3] [4] and is reinforced by the results of the harmonic survey completed. 0 As typical distribution system feeders are lass than lOkm in length the capacitance of the feeder:; is assumed negligible.
0 All impedances (conductors and transformers) are considered to be inductive with the resistive component assumed negligible at the 5* harmonic. 5' harmonic currents drawn by individual loads are independent of each other and are summated using the second summation law defined by (1). 0 Each feeder's residential, commercial and industrial type loads are spread out evenly over its length.
Each load type is a mixture of linear and non-linear equipment which vary throughout the day. Since the two components vary independently to some extent, the fraction 15/11 will vary. We assume that the ratio of the statistics Is cp95/11 Cpg5 is constant for all loads of a given type (R, C and I). The constant is a number which can be found from current measurements alone at the supply point to a pure R, C or I load. From the survey to be described later in Section IV, these proportions were found to be Residential 5" harmonic current Is cWS / I1 cW5 = 0.03 pu Commercial 5" harmonic current IS cws / I I cp95 = 0.07 pu Industrial 5" harmonic current 15 cp95 / II cp95 = 0.1 1 pu The first step in predicting the harmonic voltage distortion throughout a system is to estimate the level of harmonic currents. Using the number of customers per LV distribution system and number of MV substations in conjunction with the proportion of residential, commercial and industrial loads the total harmonic current drawn at the HV/MV zone substation can be determined.
The individual load harmonics are summated together as given by (2) (~1 . 4 for the 5" harmonic) to find the total harmonic current drawn from the HV transmission system.
The level of distortion at the MV bus of the zone substation (VSMv) is then the summation of the HV background distortion (VSB~) and the voltage distortion arising from the impedance of the HV transmission line and the HV/MV zone substation transformer (VS~v).
(3)
If known, the background distortion level can be directly applied or else the approximation outlined in [I] can be used by assuming the distortion level at HV is the same proportion as the distortion level at MV when compared to the harmonic limits. For example the recommended harmonic limit for the 5" harmonic at HV is 2% and for MV the limit is 5% thus the background distortion can be calculated as shown in (4).
(k2%)' 4 + V 5~1 4=(k5%)1 (4) where k = existing proportion of recommended limit From the MV zone substation the distortion levels down each stream of each of the feeders is calculated by the summation of the voltage distortions due to each of the individual loads and the background distortion. This is achieved by multiplying the harmonic current, approximated by the size of load and typical harmonic current level, with the harmonic impedance seen by that load back to the MV zone substation bus. For the 5" harmonic, the harmonic impedance is approximated by 5 times the fundamental impedance. The process illustrating the harmonic voltage calculation is illustrated by Fig. 2. -1055.
The harmonic voltage distortion at the connection point after impedance XI, which is due to the 5" harmonic currents produced by the individual loads downstream and the background distortion, is given by ( 5 ) as follows. The Power Quality Centre completed a harmonic survey of part of a radial distribution system owned by Integral Energy over a period of two months. The relevant part of the system is shown in Fig. 1 andconsists of 7 sites on the I IkV side of a zone substation and some downstream sites on the immediate secondary of the distribution transformers as it was difficult to get access to the MV feeder other than at the substation. The survey included measurement of the fundamental, 5th harmonic, 19" harmonic, 49" harmonic, and total harmonic distortion for each of the three phase currents and voltages. This choice was limited by the available registers in the harmonic monitor used.
STUDY SYSTEM AND SURVEY RESULTS
The downstream sites monitored in the survey included a low voltage (LV) residential pad mount substation transformer, an LV commercial/business substation transformer feeding a large shopping centre, an LV manufacturing industrial complex substation transformer. The upstream sites included the sending end of the feeder for each of the monitored downstream sites as well as the total current for the zone substation. The resulting weekly average 95th percentile cumulative probability results for each of the sites are given in Table 2 .
One of the assumptions in calculation of 95% harmonic voltage distortion levels is that an approximate proportion of residential loads, commercial loads and industrial loads is known. Further, typical values of harmonic currents can be assigned to each of the residential, commercial and industrial loads for calculation of the harmonic voltage distortion. The magnitudes of harmonic currents were obtained from measurements taken in the harmonic survey. The typical levels of per unit 5" harmonic current produced by residential, commercial and industrial load types given in Section I11 were calculated from values in Table 2 . Similar figures could be used during the design phase of similar distribution systems to establish typical harmonic levels and help identify future harmonic problems. 
V. APPLICATION OF METHOD TO SURVEYED SYSTEM
The system parameters are listed below.
Zone substation rating is SOMVA Typical maximum demand at 33kV/llkV zone substation transformer is 0.45 pu (approximated by 95" percentile of fundamental current).
Load is approximately 30% residential, 40% commercial, 30% industrial
IO Feeders are equally loaded
There are no power factor correction (PFC) capacitors installed in the system, but these should be easy to allow for in the approach given here. The distribution model shown in Fig. 3 represents a simplified model of the surveyed MV distribution system. The residential, commercial and industrial feed" are shown with the corresponding number of distribution1 transformers connected. The "other feeders" consist of other residential, commercial and industrial feeders.
Except for large customers who have direct connection to the feeder (usually industrial customers), each of the MV substations will have an LV distribution system which is also owned by the utility. The LV distribution system typically consists of overhead or underground cable with1 lengths up to 500m. A layout of the LV distribution system is. shown in Fig.  4 . The number of customers connected to each substation will vary fiom site to site but the loading should remain approximately the same due to the rating of the lmsformer.
Each of the feeders was modelled as a combination of residential, commercial and industrial loads. Using the typical values of harmonic currents for each load irype, with the second summation law the total 5" harmonic current drawn by the MV system was determined. With the total harmonic current satisfactorily matching the actual measured current the progressive harmonic voltages at points further down the svstem could be evaluated. Comparisons of the 951h percentile calculated results from the simulated model of the surveyed distribution system and the measured results from the harmonic survey are given in Table 3 . As can be seen from the results the method used to establish typical harmonic levels gives a reasonably accurate account of the 9Sth percentile harmonic voltage levels occurring on the MV distribution system. v5415vREs
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SENSITIVITY RESULTS
A sensitivity analysis of the model was completed to establish which parameters have greatest effect on the outputs of the model. The 5" harmonic voltage level at the MV bus bar was chosen as the representative output for the analysis. Each of the input variables were increased individually by a factor of 1% and the percentage change in the output variable was established, Fig. 5 illustrates the resulting sensitivity for the 5" harmonic voltage at the MV bus bar.
The results of the sensitivity analysis illustrate that 51h harmonic voltage is less sensitive to errors in the 'known quantities' of distribution system parameters such as line impedance, fault levels, etc., and particularly sensitive to the 'unknown quantity' of the exponent alpha (a). The value used for a is based on approximated statistical distributions of harmonic phase and amplitude obtained through experience [SI. Recommended values for the range of alpha for each individual harmonic are given in [I] . Although the distribution system surveyed showed good correlation with the calculated results from the model, the sensitivity analysis highlights the need for an appropriate value for a to be used. Where possible, measurements of -1057.
harmonic amplitude and phase should be obtained to confirm an approximate uniform distribution for the lower order harmonics.
As the model output has shown greatest sensitivity to the value of a, a further study into the change in output over the full range of a was completed. As expected the relationship of the magnitude of a to error in the output was exponential. Fig.   6 illustrates the exponential relationship for percentage change in the output depending on the value of a used. If the diversity of the individual harmonics was not considered, direct addition of harmonic components (~1 ) would largely over estimate the resulting value for the 5" harmonic voltage. 
VII. CONCLUSION
The second summation law, defined by (l), has proven to be a useful technique for summing voltage. distortion levels within a distribution system when diversity amongst sampled data exists.
By assigning typical harmonic currents to residential, commercial and industrial load types, a simplified harmonic analysis of voltage distortion levels within a distribution system can be completed. The benefit of this analysis is that only a reduced order of system data is required to produce reasonably accurate results. This technique is applicable to most radial MV distribution systems.
The harmonic prediction technique has proven to be successful when compared to actual harmonic measurements obtained from a survey of a suburban MV radial distribution system. The use of such a technique will enable distribution system designers to better understand the harmonic capabilities of distribution systems.
Calculation of harmonic impedances through MV feeders and LV distribution show that most voltage distortion arising from harmonic currents will be produced in the LV distribution system. This suggests that the harmonic impedances of all components in a distribution system should be considered during the design phase to help minimise the effects of harmonic currents produced by distorting loads.
Estimation of harmonic voltage levels within radial distribution systems using the second summation law from [I] has shown to be successful. The value of alpha (U) recommended by [l] has produced good results for the study system in this case, but a sensitivity analysis has illustrated that U needs to be chosen carehlly.
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